Mice deficient in glutathione peroxidase (GPx)-1 and -2 (GPx1 -/-GPx2 -/double knockout or DKO mice) develop very-early-onset (VEO) ileocolitis, suggesting that lack of defense against reactive oxygen species (ROS) renders susceptibility to intestinal inflammation. Two members of ROS-generating NADPH oxidase family, NOX1 and DUOX2, are highly inducible in the intestinal epithelium. Previously, we reported that Nox1 deficiency ameliorated the pathology in DKO mice (Nox1-TKO). The role of Duox2 in ileocolitis of the DKO mice is evaluated here in Duoxa-TKO mice by breeding DKO mice with Duoxa -/mice (Duoxa-TKO), which do not have Duox2 activity. Similar to Nox1-TKO mice, Duoxa-TKO mice no longer have growth retardation, shortened intestine, exfoliation of crypt epithelium, crypt abscesses and depletion of goblet cells manifested in DKO mice by 35 days of age. Unlike Nox1-TKO mice, Duoxa-TKO mice still have rampant crypt apoptosis, elevated proliferation, partial loss of Paneth cells and diminished crypt density. Treating DKO mice with NOX inhibitors (di-2-thienyliodonium/DTI and thioridazine/THZ) and an antioxidant (mitoquinone/MitoQ) significantly reduced gut pathology. Furthermore, in the inflamed human colon, DUOX protein expression is highly elevated in the apical, lateral and perinuclear membrane along the whole length of gland. Taken together, we conclude that exfoliation of crypt epithelium, but not crypt apoptosis, is a major contributor to inflammation. Both Nox1 and Duox2 induce exfoliation of crypt epithelium, but only Nox1 induces apoptosis. NOX1 and DUOX2 may be potential therapeutic targets for treating ileocolitis in human patients suffering inflammatory bowel disease (IBD).
Introduction
Elevation in reactive oxygen species (ROS) is well recognized as an essential factor in the pathogenesis of GI mucosal diseases, including peptic ulcers, inflammatory bowel disease (IBD), and GI cancers [1] . Among the well-known sources of ROS are the mitochondrial-respiratory chain and the respiratory burst produced by the NADPH oxidase-2 (NOX2) enzyme complex present in the phagocytes (e.g. neutrophils and monocytes).
Two other members of the NADPH oxidase family, NOX1 and DUOX2, are expressed in the epithelium of the lower GI tract [2, 3] . The NOX1 complex produces superoxide whereas the DUOX2 complex produces H 2 O 2 . Their ileum and colon expression is induced from lowbasal levels in response to bacterial colonization of germ-free (B6 and 129 strain) mice [4, 5] . NOX1 and DUOX2 genes are moderately and highly induced, respectively, in the ileum and colon of IBD patients compared to healthy controls [6] [7] [8] . The inflammation-associated induction of Nox1 gene expression is also exhibited in the ileum of B6-and 129-strained GPx1/2-DKO (DKO here after) [9] . Duox2 mRNA was elevated in the ileum of 129, but not B6, DKO ileum, due to WT B6 ileum having a high level of Duox2 mRNA [9] . The fact that DKO mice without Nox1 gene expression (Nox1-GPx1/2-TKO or Nox1-TKO) have ameliorated ileocolitis raises the question whether DUOX2 contributes to gut inflammation in the DKO mice. To study the impact of DUOX2 in the intestine of the DKO mice, we bred Duoxa-KO mice with DKO mice to create Duoxa-GPx1/2-TKO (Duoxa-TKO) mice. Duoxa-KO disabled Duoxa1 and Duoxa2 gene expression; the Duoxa1 and Duoxa2 are accessory proteins required for Duox1 and Duox2 enzymatic activity [10] . In the intestine, DUOX1 is barely expressed [5] . Therefore, the major impact of the Duoxa-KO is suppressing Duox2 activity in the intestine.
The histopathological features of DKO mice include elevated levels of apoptosis and anoikis (exfoliation and subsequent apoptosis) in the crypt epithelium, depletion of mature Paneth and goblet cells, as well as crypt abscesses. All of these morphological features have been associated with inflammation in other studies. The high levels of apoptosis in crypt epithelium found in the intestines of IBD patients may permit leakage of bacterial products into the circulation [11, 12] . Exfoliation of intestinal epithelium is linked to increased bi-directional permeability and is associated with relapse in IBD [13] . Paneth cells are essential for limiting translocation of pathogenic bacteria across the intestinal barrier [14] . It is unclear whether any of these morphological changes is a dominating factor for inflammation.
Because some NOX inhibitors have efficacy in ameliorating ROSassociated injury, we also examined the value of monotherapy with NOX inhibitors or antioxidants in the DKO mice to test their efficacy in alleviating gut inflammation [15] . The NOX inhibitors studied were DTI (an iodonium-class flavin dehydrogenase inhibitor) [21] , celastrol [18, 22, 23] , ebselen [19] , GKT137831 (a pyrazolopyridine dione analog) [24] and THZ (an N-substituted phenothiazine) [25] . The antioxidants tested were MitoQ (a mitochondria-targeted antioxidant), which had been shown to alleviate DSS-induced colitis [26] , as well as caffeic acid [27] and deferoxamine mesylate [28] . The latter two compounds also have iron-chelating activity. The Nox1 inhibitors tested were selected based on their bioavailability in animals [15] [16] [17] [18] [19] [20] . The best small molecule inhibitors identified will be used as scaffolds for further modification to be developed into more specific Nox1 inhibitors.
In this study, we demonstrated that Duox2 also contributes to the ileocolitis phenotype of DKO mice. However, unlike Nox1-TKO mice which no longer have pathology, the Duoxa-TKO mice still exhibit abundant apoptosis in crypt epithelium, elevated cell proliferation, partial loss of Paneth cells and decreased crypt density. Because Duoxa-TKO mice were healthy, we conclude that elevated levels of exfoliation in the crypt compartment, but not apoptosis in the crypt epithelium is an indicator for inflammation. In the inflamed human tissue, DUOX is also expressed in the crypt epithelium. Our drug treatment study in the DKO model suggests that targeting of Nox1 and Duox2 may be a strategy to prevent or treat ileocolitis in IBD patients.
Materials and methods

Mice
We bred DKO mice with Duoxa-KO [10] and Nox1-KO [29] mice all in the C57BL/6J (B6) background. The Duoxa-TKO line was supplemented with L-thyroxine (T4) to maintain the euthyroidism following the described procedure [10] . Some Duoxa +/+ and Duoxa +/mice were treated with vehicle by the same routes (subcutaneously from day 5 to 20, and in drinking water afterwards) to observe the T4 effect on mice. All studies were approved by the City of Hope Institutional Animal Care and Use Committee.
Disease analysis
Mouse body weight and disease signs (perianal alopecia, wet tail, and diarrhea) were monitored daily from 5 to 35 days of age before euthanasia. B6 DKO mice begin to have ileitis at 27 days of age [9] . The lengths of the small intestine and colon (ileocecal junction to anus) were recorded as an indication of inflammation. Prior analysis of mice showed that GPX2 activity is readily detectable in the ileum (the distal half of the small intestine) [30, 31] . Knockout of Gpx2 alone shows increased crypt apoptosis in the ileum and colon [32] , and the ileum is the consensus site of the pathology in the small intestine of DKO mice. Within the ileum, no marked regional variation in pathology is noted in the diseased mice by 35 days of age. In the large intestine, the cecum shows pathology, while the upper colon has mild or no pathology, and the rectum has the strongest pathology [33, 34] . For sample collection, 1 cm of the distal ileum (ileocecal junction) and rectum was immersed in RNAlater (Life Technologies) and processed for RNA isolation. Two adjacent 1-cm sections of the ileum and a single 1-cm section at midcolon were frozen as backup samples. The next 4 cm of the ileum and the remaining cecum and colon were fixed in phosphate-buffered formalin for histological analysis. 
Histopathology scoring
A 12-point scoring system was revised from our previous 14-point system to better account for the mild histopathology in B6 ileum (Table 1 ) [9] . The hallmarks of DKO histopathology include high levels of crypt apoptosis and Paneth cell loss [9] . The scores from all parameters were added to assess the overall pathology; the maximum score for B6 DKO pathology was at 10 in this study. Apoptosis was scored by both histology on sections stained by hematoxylin and eosin (H & E) and TUNEL assay. The Nox1-TKO mice analyzed here were a new cohort of 35-day-old rather than of 50-day-old in the previous study [9] . Crypt exfoliation was counted as a non-scoring criterion; the number of crypts having at least one exfoliated epithelial cells (in the absence of neutrophils) was counted per 10X field (2 mm).
Histochemistry and immunohistochemistry (IHC)
TUNEL (ApopTag Peroxidase In Situ Apoptosis Detection Kit; Millipore) was performed on 38 samples to verify the morphological analysis of apoptotic figures. Among them, 24 were done with standard proteinase K pre-treatment, DAB for HRP substrate and hematoxylin counterstaining. Fourteen samples were done with double IHC with TUNEL first and then rabbit monoclonal anti-lysozyme 1 (Lyz1) Ab (1/ 1000X, ab108508, Abcam). Antigen retrieval in these 14 samples was done by microwave in citrate buffer (pH 6) without proteinase K treatment. TUNEL IHC was done with ImmPACT SG Peroxidase substrate (SK-4705, Vector Lab) to yield a blue-grey color, followed by Lyz1 IHC using an alkaline phosphatase-tagged secondary Ab and Red Alkaline Phosphatase Substrate kit (SK-5100, Vector) to yield a red color to detect Paneth cells without counterstain. Standard anti-Lyz1 IHC (DAB substrate; hematoxylin counterstain) was also used to detect Paneth cells. Anti-myeloperoxidase (MPO) antibody (PA5-32512, Thermo Scientific) IHC was performed to estimate MPO+ cells in the submucosa and to confirm crypt abscesses. Macrophages were stained with anti-CD68 (1/50X, ab31630, Abcam) and counted from 4 to 7 of 20X fields. Cells with double-stranded DNA breaks were counted by IHC+ nuclei with anti-phospho-γH2AX antibody (1/1000X, PA1-25001, pSer139, Pierce) per crypt from 17 to 43 crypts [35] . Proliferating cells were counted by anti-KI-67+ IHC (1/20X, No. M7249, DAKO Cytomation). The goblet cells were stained by Alcian blue and the sections counterstained with Nuclear Fast Red. The goblet cells were averaged from counts of 24-50 colon glands or ileum crypt.
Quantitative real-time PCR (qPCR)
RNA was isolated using a Qiagen RNeasy kit (Promega, Madison, WI). cDNA was prepared from 2 µg of total RNA following manufacturer's protocol. qPCR was performed using Taqman primers (Supplementary Table 1 ) using BioRad CFX96 for 40 cycles. The Ct value was determined by the ΔΔCT method normalized with β-actin.
The sample numbers are shown in figure legends.
B6 and 129 Duox2 allele activity assessments
The full-length murine B6 cDNA was purchased from DNAFORM (Clone ID: 100061649; Yokohama City, Japan). The cDNA was mutated to produce four variants, one each for 3 non-synonymous SNPs detected between B6 and 129 alleles, corresponding to amino acid residues A378G, V495D and H627R. The 4th complete 129 allele variant was generated by combining all three individual SNPs. The Duox2 cDNAs in pcDNA5/FRT plasmid were transfected into mouse rectum cancer CMT93 cells, which were co-transfected with a mouse Duoxa2 cDNA and GFP [38] . Forty-eight hours after transfection, cells were distributed in 96-well white-luminescence plates in 200 µl HBSS plus Mg ++ and Ca ++ and stimulated with 1 µM ionomycin or 1 µM phorbol myristate acetate to elicit activity at 37°C. Hydrogen peroxide output was measured for 1 h at 1-min intervals by luminescence detected by 1 mM luminol and 20 µM HRP from 5×10 5 cells and the output was integrated. A GFP plasmid was co-transfected with Duox2 cDNA to monitor overall transfection efficiency in repeated experiments and the DUOX activity level was normalized against GFP intensity. All measurements were carried out in triplicate.
Human biopsies
The colon biopsies were collected from colitis patients diagnosed at the First Affiliated Hospital of Henan University of Science and Technology. The adjacent normal appearing tissue of each patient was taken at 5 cm from the inflamed area under endoscopy. The colitis pathology was confirmed by two staff pathologists on H & E sections. IHC was performed with mouse monoclonal anti-human DUOX Ab (S-12 mAb, 250X), which does not cross react with mouse Duox [36] . Informed consent was obtained from all patients and the study was approved by the Clinical Research Ethics Committee of the Hospital.
Treating DKO mice with small molecule NOX inhibitors and antioxidants
The small molecules studied, including doses, routes and schedule of administration and mode of action are listed in Table 2 . All compounds were administered orally except for di-2-thienyliodnium (DTI; Drug Synthesis & Chemistry Branch, NCI) which was also administered i.p in water in different trials and desferoxamine mysylate (Sigma). Oral drugs were administered with 1.2% methyl cellulose, 0.1% polysorbate 80 in water as the vehicle; these include DTI, caffeic acid (Sigma), celastrol (Sigma), ebselen (A.G. Scientific Inc., San Diego, CA), GKT137831 (Genkyotex, Geneva, Switzerland) and THZ (Sigma). Mitoquinone (MitoQ, Amazon) was provided in the water supply [26, 37] . Three mice treated with DTI, i.p. became morbid and were euthanized immediately. Five of the 23-day-old mice were skipped for the 2nd THZ dose due to slow recovery from sedation (observed in all treated mice up to 24 h) and one mouse succumbed. THZ at 70 mg/kg is considered safe, but at 160 mg/kg becomes lethal [20] . No adverse effect was observed at the subsequent administrations of THZ. Control DKO and Nox1-TKO mice were gavaged with vehicle or injected i.p. with PBS as reference sets. Drug treatment commenced on 22-day-old mice and was terminated at 35 days of age.
Statistical analysis
Statistical evaluation was performed using GraphPad Prism-X6. Results are shown either as mean ± standard deviation (SD) or median ± interquartile range (IQR). This choice was made based on the analysis of the parametric distribution of data (D'Agostino and Pearson omnibus normality test) or a priori knowledge of nonparametric structure (pathology scores). The corresponding statistical tests are 1-way ANOVA with Dunnett's multiple corrections for parametric data and Kruskal-Wallis with Dunn's multiple-comparison test for non-parametric data. In some cases, pair-wise t-tests or Mann-Whitney tests was performed to augment the analysis. The qPCR data are analyzed by pair-wise t-tests. The groups with different letter designations in each figure are different, where a > b > c (α=0.05). The groups sharing a same letter are not different; e.g. ab is not different from a or b group. Generally, the significance is adjusted for multiple comparisons of each set sequentially against the remaining samples, exceptions noted in the figure legends. In scatter plots, each symbol represents a single mouse.
Results
Improved health in the Duoxa-TKO mice
We have previously shown that disruption of the Nox1 gene in the Nox1-TKO mice completely abolished the disease present in DKO mice [9] . NOX1 can form an enzyme complex in endosomes to generate ROS intracellularly in addition to extracellularly [39, 40] . DUOX2 is expressed in the apical surface of un-inflamed ileum and colon also to generate ROS intracellularly and extracellularly [4, 38] . We explored whether DUOX2 also contributes to DKO gut pathology. Similar to Nox1-TKO, the DKO mice deficient in DUOX activity by disruption of Duoxa genes (Duoxa-TKO) also have near normal weight gain especially after weaning ( Fig. 1A, B ). The primary impact of the Duoxa-KO construct in the gut is from losing DUOX2 activity since Duox1 is not expressed there [5, 41] . Duoxa-TKO mice also have normal lengths of ileum and colon (Fig. 1C , D).
Diminished ileal pathology in the Duoxa-TKO mice
Unlike Nox1-TKO mice, which have normal ileal histology, Duoxa-TKO mouse ileum has rampant crypt apoptosis, which is a hallmark of DKO pathology as demonstrated by apoptotic figures and TUNEL assay (Figs. 2A-C, 3A, C, 4A). Attributable to elevated crypt apoptosis, crypt density in the Duoxa-TKO mice is reduced (to 86%) compared to controls but still higher than in DKO mice (74% of control) (Fig. 4B ). The crypt cell proliferation scores in the Duoxa-TKO mice are also in between the DKO and non-DKO control mice (Fig. 4C ), whereas the Nox1-TKO mice don't have elevated cell proliferation [9] . Because of the high number of apoptotic cells and partial loss of Paneth cells in the crypt, the total pathology scores of the Duoxa-TKO mice are intermediate between the non-DKO controls (Gpx1 +/-Gpx2 -/and Gpx1 +/-Gpx2 -/-) and DKO mice (Figs. 3E, 4D).
We compared the pathology scores obtained from morphological analysis on H & E stained and TUNEL IHC sections on the same mice to determine if we can rely on H & E alone to quantify pathology. Examining histopathology scores for 79 ileum samples analyzed for apoptosis by both TUNEL and H & E on DKO, Nox1-TKO and Duoxa-TKO mice in recent years shows that only two (Nox1-TKO ileum) would be altered (1 up; 1 down) ( Supplementary Fig. 1 ). The two samples were near the threshold of 0.1 apoptotic bodies per crypt by both methods. By comparing TUNEL+ samples and MPO IHC (assessing apoptosis in the hemotoxylin stained background) ( Supplementary  Fig. 2 ), we estimated that misidentification of infiltrating lymphocytes as apoptotic bodies occurred at a level of 5-10% of the average apoptosis fraction in the DKO and Duoxa-TKO mice. Therefore, further pathology analysis (104 drug treated, 36 developmental study and 12 from the Duoxa-TKO set) was done by H & E-stained histology alone.
Duoxa-TKO ilea don't have other pathology of DKO ilea, such as inflammation foci/crypt abscesses (scored), as well as crypts with exfoliation, elevation of MPO+ cells in the submucosa and loss of goblet cells (non-scored) (Figs. 2A, D, 4E-H). However, similar to DKO ilea, Duoxa-TKO ilea had slightly elevated macrophage numbers compared to the non-DKO mice (Fig. 4I ). The pathology observed in these mice was not contributed by T4 treatment, since vehicle-treated DKO Duoxa +/or Duoxa +/+ mice generated from the same breeders had aggregate values for each parameter indistinguishable from the T4treated mice (data not shown).
Paneth cell loss in the DKO ileum apparently results from crypt cell apoptosis and exfoliation
Although DKO mice have lost most of their Paneth cells, it is unclear whether this loss is due to exfoliation or apoptosis, in situ.
Here, we used anti-Lyz1 IHC either alone or combined with TUNEL IHC to identify exfoliated Paneth cells and apoptotic Paneth cells, in situ ( Fig. 5A -C, Supplementary Fig. 3 ). Some Paneth cells located in the ileum crypt were positively stained with TUNEL IHC (blue-grey color) and anti-Lyz1 IHC (red-brown color), indicating that they are undergoing apoptosis in the crypt ( Supplementary Fig. 3 ). Some Paneth cells are exfoliated into the lumen. Clearly, Paneth cell loss in the DKO ilea is via both apoptosis, in situ, and exfoliation.
Because we and others have been using H & E stained histology to identify Paneth cells by their eosinophilic granules and crypt localization, we also compared the results obtained from H & E stained sections and anti-Lyz1 IHC. IHC detection is more sensitive than morphological analysis by capturing more Paneth cells. The difference between the non-DKO control and DKO mice detected by anti-Lyz1 IHC is 9-fold vs 24-fold by histology. Likewise, the fraction of crypts with Paneth cells is 0.09 by anti-Lyz1 IHC (data not shown) vs. 0.035 by histology in the DKO mice ( Fig. 4D) . However, the assessments of the fraction of crypts with Paneth cells obtained from two methods are highly correlated (R 2 =0.79, or correlation coefficient =0.89).
We used histology alone to analyze the timing of different pathologies, including crypt apoptosis and exfoliation to infer the contribution of each event to Paneth cell loss, since DKO ilea significantly lose Paneth cells at 27-day-old and completely at 35-day-old ( Fig. 5D-F) . The increase of crypt apoptosis coincides with the onset of Paneth cell loss; the Paneth cells are about half depleted by 28-29 days before the significant increase in crypt exfoliation at 31 days. Thus, we surmise that apoptosis contributes to 1/2-2/3 of Paneth cell loss and exfoliation contributes to 1/3-1/2 of Paneth cell loss in the DKO mice. Because Duoxa-TKO ileum has virtually no elevated exfoliation, the partial loss of Paneth cells is likely contributed by apoptosis alone. Frank inflammation of DKO ilea occurs at 30 days of age as indicated by MPO+ cell infiltration and prominent crypt abscesses (reaching high levels after 30 days), coincident with the large increase in exfoliation incidence and the additional loss of Paneth cells (Fig. 5G, H) .
The impact of DUOX2 in the colon of Duoxa-TKO mice is less evident since DKO mice have milder pathology in the colon than the ileum ( Supplementary Fig. 4) . A significant impact of DUOX2 inactivation was detected as decreased crypt apoptosis and exfoliation, while other scored parameters were unaffected. Similar to the ileum, T4 did not affect colon pathology (data not shown).
Nox1 produces stronger oxidative stress than Duox2 in the DKO intestine
ROS-induced DNA-stand breaks are associated with cellular apoptosis, and nuclear localization of γ-H2AX is a marker for double-strand DNA breaks [35] . As expected, the DKO ilea have a high level of γ-H2AX-positive foci (Fig. 3B, D) . Duoxa-TKO ilea have 4-fold lower γ-H2AX-positive foci than DKO ilea, while non-DKO ilea and Nox1-TKO ilea have almost no γ-H2AX-positive foci. These results suggest that both Duox2 and Nox1 promote DNA breaks, and even a low level of DNA breaks can lead to apoptosis.
One marker for oxidative stress is Hmox1 gene expression, which is induced by Nrf2, a transcription factor highly responsive to oxidative and electrophilic stresses [42] . We found Hmox1 mRNA levels were low in the non-DKO control and Nox1-TKO mice and elevated to a similar level (5X and 7X) in the Duoxa-TKO and DKO mice (Fig. 6A ). Taken together, these results suggest that Nox1 produced more oxidative stress than Duox2 in DKO ilea.
Since DKO ilea had sporadic increases of crypt apoptosis at 24-26 days of age, and DKO ilea have elevated Nox1 expression compared to WT ilea [9] , we also analyzed the developmental changes of Nox1 expression. We found that Nox1 mRNA levels gradually increased in post-weaning DKO ilea coincident with increased pathology, especially with crypt apoptosis (Fig. 5D-I) . The elevated apoptosis is associated with elevated levels of Nox1 mRNA within each age set. Presumably, the increase of ileal Nox1 gene expression in the post-weaning DKO mice is due to changes in luminal microbe and diets.
Stronger DUOX2 activity may contribute to the more severe colitis in 129 DKO compared to B6 DKO mice
Duox2 is a top candidate gene in the Gdac1 locus linked to milder inflammation severity in congenic 129 DKO mice carrying B6 Gdac1 allele [43] . We explored whether the 129 Duox2 allele had a higher intrinsic activity compared to the B6 allele to account for stronger inflammation in 129 DKO mice. To test this, four variants of Duox2 cDNA were generated from B6 Duox2 cDNA. Three variants had a single nucleotide change to carry each of non-synonymous codon substitutions (nsSNPs) corresponding to the 129 allele (i.e. A378G, V495D and H627R) and the 4th variant had all three nsSNPs (i.e. it encodes the 129 Duox2 cDNA). The H627R variant and 129 allele had 1.6-and 7.6-fold higher activity than the B6 allele after activation by ionomycin and PMA, respectively ( Supplementary Fig. 5A, 5B) . The other two 129 variants, A378G and V495D, did not have higher activity than B6 allele. These results support the view that DUOX2 activity exacerbates redox imbalance and disease severity in DKO mice, which can be attributed primarily to the effects of the H627R SNP.
Duoxa-TKO ilea have higher expression of Nox1 than DKO ilea to support crypt apoptosis
Since Nox1 and Duox2 gene expression is elevated in inflamed intestine, we analyzed Nox1 and Duox2 gene expression in Duoxa-TKO and Nox1-TKO ilea respectively. Interestingly, Nox1 mRNA levels are 2.5-fold higher in the Duoxa-TKO than DKO ilea, and Duoxa2 mRNA levels are 2-fold higher in the Nox1-TKO than DKO and non-DKO control mice (Fig. 6B, D) . This result, suggests that Nox1 and Duoxa2 gene expression is compensatory to each other. Duox2 and Nox2 gene expression was not altered in these mice and Nox4 was virtually undetectable in the ileum (Fig. 6C and data not shown). Nox1 is known as an executioner of Tnf-α-induced apoptosis after activation by riboflavin kinase, which forms a bridge between Tnfr1 death domain and p22phox subunit of Nox1 [44] . The high levels of Tnf-α mRNA, detected in Duoxa-TKO and DKO ilea supports the idea that the Nox1mediated apoptosis is induced by Tnf-α (Fig. 6E) .
Several matrix metalloproteinase (Mmp), such as Mmp-2, -3 and -9 are up-regulated in the intestines of IBD patients and may regulate epithelial barrier function [45, 46] . Because the expression of these Mmps are associated with Nox1 and Duox1 [47] [48] [49] , we analyzed the gene expression in our mice and found that Mmp-2 and Mmp-9, but not Mmp3 mRNA levels were significantly elevated in the DKO ilea compared with the non-DKO controls (Fig. 6F, G and data not shown) . Mmp-2 and Mmp-9 mRNA levels in the Duoxa-TKO were slightly elevated over control levels with only Mmp-9 levels reaching statistical significance. 
Duoxa-TKO ilea have elevated expression of secretary cell markers than DKO ilea
We evaluated the levels of epithelial cell types by quantification of the mRNA levels of cell-specific markers using Lyz1 for Paneth cells, Muc2 for goblet cells and intestinal alkaline phosphatase (Alpi) for absorptive cells [50, 51] . Consistent with Paneth cell counts, non-DKO control ilea had the highest Lyz1 mRNA levels, whereas Duxoa-TKO and DKO ileum had about 50% and 24% of the control level (Fig. 6H) . The magnitude of difference in the Lyz1 mRNA between the DKO and non-DKO control is much less than the histological data (4.2-fold Lyz1 mRNA vs. 24-fold for Paneth cell count by H & E and 9-fold by lysozyme IHC). Duxoa-TKO ilea had the same Muc2 mRNA level as control mice and higher than that in the DKO mice (Fig. 6I ). There was no difference in Alpi mRNA levels between groups (data not shown). The pattern of marker gene expression between groups is consistent with the result obtained by the morphological analysis.
DUOX2 is also expressed in the crypt epithelium of inflamed human colon biopsies
Duox2 protein expression is restricted to the apical surface of normal intestinal epithelium [3] . Since Duox2 affects crypt epithelial cell pathology in the DKO ileum, we suspect that Duox2 is also expressed in the inflamed crypt epithelium. Using a monoclonal antihuman DUOX Ab (which does not cross react with mouse Duox proteins), we detected abundant DUOX2 protein on the plasma membrane of the entire gland of colon biopsies isolated from colitis patients (Fig. 7) . In the inflamed colon biopsies, many epithelial cells are stained at the apical and lateral surface of plasma membrane as well as intracellular perinuclear region along the entire gland axis. In the colon biopsies from normal-looking areas, very few epithelial cells are stained by the DUOX Ab, and the staining is present in both apical membrane and intracellular membranes as reported previously [38] . The expression of DUOX2 at the base of inflamed colon glands suggests that Duox2 can have a direct effect in crypt epithelium. 
NOX inhibitors, DTI and THZ, as well as antioxidant MitoQ partially alleviated inflammation in the DKO mice
Gut inflammation in the DKO mice originates from deficiency in antioxidant enzymes, and removal of ROS-producing enzymes, NOX1 or DUOX2, ameliorates the inflammation. Thus, we tested the effect of NOX inhibitors and antioxidants on the DKO mice. Five of the eight antioxidants tested, DTI, celastrol, ebselen, GKT137831 and THZ inhibit NOXs in vitro or in cell lines (Table 2) [19, 21, 22, 24, 25, 52] . Caffeic acid and deferoxamine are iron chelators. MitoQ is a mitochondria-targeted antioxidant [26] [27] [28] .
Among the eight compounds tested, only two NOX inhibitors, oral DTI (5/10 mice treated with score of ≤4) and THZ (9/20 treated with score of ≤4), as well as MitoQ (9/21 treated with score of ≤4) significantly lowered DKO ileal pathology scores (Fig. 8A) . A drug decreasing DKO pathology scores to 4 or below is considered efficacious, since only 2/35 non-treated DKO and 17/19 non-treated Duoxa-TKO mice have a score of ≤4. Clearly, the drug effect was mild compared to that by genetic inactivation of Nox1 or Duox2. Because Nox1 drives crypt apoptosis in the DKO ileum, and half of the mice responding to DTI (IP plus oral) had fewer apoptotic figures in the crypts, this result suggests that the DTI effect is mediated by Nox1 inhibition (Fig. 8B) . DTI did not affect Nox1 mRNA levels in the DKO ilea (data not shown), not supporting DTI's inhibition of NOX1 mRNA levels in colon cancer LS-174T cells [21] . In terms of NOX-promoted Paneth cell depletion, DTI and MitoQ blunted the loss of Paneth cells ( Fig. 8C ). DTI (both oral and i.p treated), MitoQ and THZ partially blocked loss of crypts, similar to Duox2 deficiency (Fig. 8D ). Most impressively, MitoQ also dampened crypt exfoliation (Fig. 8E ). This may be significant since mitochondria integrate signals from focal adhesions in the initiation of apoptosis [53] . However, none of the compounds affected crypt abscesses (Fig. 8F ). Deferoxamine mesylatetreated mice (N=7) did not show any improvement (data not shown).
In view of the mild colitis observed in the DKO mice, none of the compounds tested improved colon pathology when analyzed collectively ( Supplementary Fig. 4G, 4H ). Nonetheless, a subset of mice responded to i.p. DTI (2/25 mice) and MitoQ (4/21 mice) as revealed by low-pathology scores. These same mice responded to DTI, MitoQ and THZ had lower levels of gland apoptosis.
Discussion
In this study, we demonstrated that Duox2 expression is also associated with gut pathology in the DKO mice. Nox1, but not Duox2, has a strong impact on apoptosis of crypt epithelium. The Nox1 effect on apoptosis could be mediated through TNF activation of TNF receptor 1 (TNFR1) and riboflavin kinase, which forms a bridge between the RNFR1 death domain and the Cyba (a subunit of Nox1 enzyme) [44] . Additionally, the Nox1 expression can cause DNA damage leading to accumulation of γH2AX foci at DNA breakage sites [35] . ROS-associated DNA damage is unlikely to be driven by Fenton chemistry since deferoxamine, an iron chelator, does not affect apoptosis. Therefore, Nox1 can induce cell apoptosis in addition to cell proliferation and migration in gut epithelial cells as shown by others [54] . The intestinal crypt epithelium of the DKO mice may be prone to oxidative stress, and GPx2 plays a critical role to protect crypt epithelial cells from apoptosis [32] .
Apoptosis in crypt epithelial cells is a hallmark of IBD pathology and it is thought to contribute to inflammation [55] . However, as demonstrated in Duoxa-TKO ilea with high levels of crypt apoptosis, these mice had a normal growth and didn't have crypt epithelium exfoliation. It suggests that epithelial cell exfoliation is a better marker for inflammation. Exfoliation contributes to significant loss of Paneth cells in the DKO ilea. Paneth cells secrete antimicrobial factors (e.g. cryptidins and phospholipase A 2 ) that limit bacterial penetration into mucosa [14] . Exfoliation of Paneth cells leading to profound depletion was also reported in rat jejunum after I/R stress [56] . Furthermore, Duox2 inactivation also enhanced Muc2 expression, similar to the effect of Nox1 deficiency in the WT mice [9, 57] . Muc2 can form a barrier to prevent luminal bacteria contacting the mucosal epithelium to prevent infection or inflammation [58] . Hence, the higher numbers of goblet and Paneth cells in the Duoxa-TKO ilea than the DKO ilea protect them from inflammation.
Crypt abscesses, infiltration of MPO+ cells into the submucosa and epithelial exfoliation remain good markers for inflammation. The abscessed crypts contain neutrophils with engulfed microbes, and exfoliated epithelium has probably been invaded by pathogens [59] . During the development of inflammation in the DKO mice, exfoliation and infiltration of MPO+ cells increases greatly after 29 days of age, lagging behind Paneth cell loss and crypt apoptosis (26-27 days) . This sequence of events supports the idea that crypt apoptosis leads to Paneth cell loss. When coupled with partial loss of goblet cells which weakens host antibacterial defense, Paneth cell loss allows bacterial invasion into the mucosa triggering a full-blown inflammatory response.
Although Duoxa-TKO ilea do not exhibit inflammatory pathology, they have elevated levels of Tnfα, a pro-inflammatory cytokine mRNA expression similar to DKO ilea and higher levels of Nox1 expression than the DKO ilea. Because Nox1-TKO ileum does not have elevated TNF-α levels [9] , we suspect that the high crypt apoptosis in the Duoxa-TKO mice causes slight leakiness, which exposes mucosa to luminal microbial products and increases cytokine production. Mice without Duox2 activity have higher mucosal bacterial intake [5] . This is consistent with the idea that Duox2 plays an essential role in antibacterial defense. The presence of DUOX2 in the base of colitis colon epithelium suggests that it acts locally.
Duoxa-TKO ilea had elevated Nox1 gene expression. It is possible that Duoxa-TKO ilea have faster cell proliferation from the crypt epithelium, where Nox1 is expressed [54] . It is also possible that Duox2 and Nox1 have compensatory activities with overlapping functions to defend against bacterial invasion. Some of the oxidase effects are mediated through activation of Mmp proteins, and activation of Mmp-2 can maintain epithelial barrier function [46] .
Previously, using classic genetic mapping, we identified the Gdac1 locus, which modifies disease severity in the DKO mice [43, 60] . The 129-Gdac1 B6 congenic DKO mice containing the B6 allele show moderate disease compared to the aggressive disease in 129 DKO mice. Duox2 is a top candidate gene residing in this locus. Here we show that 129 Duox2 allele has indeed higher in vitro activity than the B6 allele, consistent with our data in Duoxa-TKO mice indicating a possible role of Duox2-associated oxidative stress in intestinal redox imbalance of DKO mice.
Redox imbalance may increase susceptibility to IBD. ROS generated by NOX enzymes play an important role in IBD pathogenesis, especially in VEO-IBD [61, 62] . The phagocytic NOX2 complex consists of six subunits, two transmembrane subunits, NOX2/gp91phox/CYBB and p22pox/CYBA, as well as four cytosolic subunits, p47phox/NCF1, p67phox/NCF2, p40phox/NCF4 and a small GTPase (RAC1 or RAC2) to activate the enzyme complex [63] . The activated NOX2 complex in neutrophils releases ROS into phagosomes to kill endocytosed bacteria [64] . Mutations in NOX2, NCF1, and NCF2 are noted in patients with IBD-like pathology or VEO-IBD (diagnosed before 6 years of age) [65] . DUOX2 and NOX1 variants are associated with VEO-IBD patients who demonstrate lower activity than healthy controls [62] . However, DUOX2 and DUOXA2 expression were induced up to 16-and 52-fold, respectively, in pediatric and adult Crohn's disease patients [6, 7] . Because the DKO mice develop VEO-IBD-like disease, this model could prove to be an invaluable tool for the study of the effects of NOX inhibitors or the development of other therapeutic modalities against this difficult-to-treat VEO-IBD.
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Because the IBD pathology in the DKO mice is dependent on Nox1 or Duox2 expression, we evaluated the efficacy of NOX inhibitors and antioxidants in our DKO mouse model. Two NOX inhibitors, DTI and THZ, as well as MitoQ have efficacy in decreasing inflammation. DTI is less toxic than diphenylene iodonium (DPI) to DKO mice; it inhibits NOX1 much better than DUOX2 [21] . A fraction (9 of 38) of DTI-treated DKO mice had significantly decreased crypt apoptosis (apoptosis/crypt ≤0.12), suggesting that the drug reaches crypts to inhibit NOX1 activity. Due to DTI-induced morbidity in a small number of mice, it is not a likely candidate for clinical testing. DTI analogs show potential for drug development with reduced toxicity. THZ (Orsanil™), an N-substituted phenothiazine derivative, is an anthelmintic and antipsychotic drug and inhibits all NOXs and DUOX2 [25] (data not shown). Since the dose that we used had an adverse sedative effect prohibiting dose escalation, other analogs need to be tested for efficacy and developed into therapeutic drugs.
MitoQ is a lipophilic triphenylphosphonium (TPP) cation that can permeate lipid bilayers and accumulates in the mitochondria. MitoQ protects mice from dextran sulfate sodium-induced colitis [26] . The MitoQ effect is similar to, although more modest than DUOX2inactivation, i.e. no effect on apoptosis, partial retention of Paneth cells and crypt density and decrease in exfoliation. The impact on anoikis appears to confirm the central role of mitochondria in the integration of a death signal from the extracellular matrix [66] . Perhaps MitoQ may have efficacy in human IBD therapy.
In this study, we have demonstrated that Duox2 contributes to gut pathology in the DKO mice. A striking difference between Nox1-and Duoxa-TKO is crypt apoptosis, which is largely contributed by Nox1. . Groups marked by asterisks were significantly different from the oral-vehicle control but not the IP-PBS control. Panel B shows the drug effect on apoptotic figure per crypt from the subgroups that show significant decrease in total pathology, i.e. DTI (pooling oral and i.p. sets), ebselen, MitoQ and THZ. These subgroups were stratified into responding (R; with pathology score ≤4) and non-responding (NR) groups shown as mean ± SD. Only DTI-R group has less apoptosis (b*) than DKO treated with oral vehicle but not the IP-PBS control (1-way ANOVA using DKO controls as reference). Pair-wise comparison showed that DTI-R had less apoptosis than IP-PBS control (P=0.0005) and the NR set (P=0.0032). Panel C shows significant drug effect on Paneth cell loss (median ± IQR; Kruskal-Wallis test). b* means that the set was not distinguishable from the Duoxa-TKO set in a multiple-comparisons test, but it is different by pair-wise comparison. Panel D shows drug effect on crypt density (mean ± SD). b* indicates that the set has a higher density than the oral vehicle control, but not the IP-PBS control (1-way ANOVA). Panel E shows drug effect on crypt exfoliation (median ± IQR). bc* indicates that the MitoQ groups was different from the oral-control but not the IP-control groups. Panel F shows no drug effect on crypt abscesses (median ± IQR, Kurskal-Wallis using both control sets as references). The numbers of mice studied are 13 oral-vehicle control, 22 IP-PBS control, 11 caffeic acid, 14 celastrol, 25 IP-DTI, 10 oral-DTI, 12 ebselen, 17 GKT137831/GKT 831, 21 MitoQ and 20 THZ DKO, as well as 19 Duoxa-TKO and 16 Nox1-TKO.
Since ROS-generating enzymes including NOX1 and DUOX2 have been associated with VEO-IBD, NOX inhibitors may in the future play a role in the treatment of VEO-IBD. DKO mice provide an excellent model for screening NOX1 and DUOX2 inhibitors that might have a therapeutic role for patients with VEO-IBD.
